The von Economo neurons (VENs) are specialized large bipolar projection neurons with restricted distribution in the human brain, and they are far more abundant in humans than in non-human primates. However, VEN functions remain elusive due to the difficulty of isolating VENs and dissecting their connections in the brain. Here, we combined laser-capturemicrodissection with RNA sequencing to describe the transcriptomic profile of VENs from human anterior cingulate cortex (ACC). Using pyramidal neurons as reference cells, we identified 344 genes with VEN-associated expression differences, including 215 higher and 129 lower expression genes. Functional enrichment and protein-protein interaction network analyses showed that these genes with VEN-associated expression differences are involved in VEN morphogenesis and functions, such as dendrite branching and axon myelination, and many of them are associated with human socialemotional disorders. With the use of in situ hybridization and immunohistochemistry assays, we validated four novel VEN markers (VAT1L, CHST8, LYPD1, and SULF2). Collectively, we generated a full-spectrum expression profile of VENs from human ACC, greatly enlarging the pool of genes with VEN-associated expression differences that can help researchers to understand the role of VENs in normal and disordered human brains.
Introduction
Humans have the most cortical neurons among extant primates, contributing to a superior cognitive ability gained during the origin and evolution of our species (Sousa et al. 2017) . The diverse neuronal cell types and their connection patterns provide layers of complexity so that fine-tuned neural circuits can be formed in the human brain. Thus, an understanding of brain cell types is essential to elucidating the properties of neural circuits and how they lead to the generation of behaviors (Ecker et al. 2017 ).
The von Economo neurons (VENs) are specialized large bipolar projection neurons with a characteristic spindle-shaped soma, thick basal and apical dendrites (Butti et al. 2013) . The rediscovery of VENs by Nimchinsky et al. (1995) inspired subsequent efforts of dissecting their functional roles. In the human brain, VENs are primarily distributed in layer 5 of anterior cingulate cortex (ACC) and frontoinsula (FI) . The average volume of VENs is about 4.6 times larger than that of the layer 5 pyramidal neurons (Allman et al. 2005) . VENs are considered an important topic in study of human brain evolution because in primates, they represent a relatively recent evolutionary specialization (appeared in macaque monkeys, apes, and humans) and are far more abundant in humans than in non-human primates (Nimchinsky et al. , 1999 Allman et al. 2010 Allman et al. , 2011 Evrard et al. 2012) . Later studies found that besides primates, VENs also exist in distantly related mammalian species, including perissodactyla, cetartiodactyl, elephants, and hippopotamus (Butti et al. , 2013 (Butti et al. , 2014 Hakeem et al. 2009; Raghanti et al. 2015) .
VEN functions still remain elusive due to the topographic restriction of VENs and the difficulty of describing their connections in the brain. Since ACC and FI cortices represent key hubs within a large-scale network involved in social-emotional and autonomic functions (Seeley et al. 2007; Guo et al. 2016; Dijkstra et al. 2018) , it was speculated that human VENs might have undergone evolutionary changes with specialized functions, for example, social awareness and interoception. VENs may relay output of the processing within ACC and FI to other brain regions and their large size is desirable in relaying a fast intuitive-assessment of complex social situations (Allman et al. 2005) , though whether the ACC VENs and the FI VENs are functionally homogeneous are unknown. Consistent with this view, VEN abnormalities have been reported in brain disorders with social-emotional deficits, such as autism spectrum disorders (ASD), schizophrenia (SCZ), the behavioral variant of frontotemporal dementia (bvFTD), and Alzheimer's disease (AD) (Seeley 2008; Brune et al. 2010; Santos et al. 2011; Kim et al. 2012; Gefen et al. 2018) . Given the potentially crucial role of VENs in the brain, dissecting the basic VEN biology is important for understanding normal and disordered human cognition.
Previously, efforts have been made to reveal the molecular profile of VENs, a prerequisite for understanding their functions. However, due to technical and specimen-availability limitations, previous studies were all candidate-based, mainly using in situ hybridization (ISH) and immunohistochemistry (IHC), and only limited candidate genes were tested. Using IHC, Allman et al. (2005) reported positive staining of three neurotransmitter receptor genes (AVPR1A, DRD3, and HTR2B) implicated in the formation of social bonds and reward processing. Stimpson et al. (2011) examined expression of three gut and immune function related proteins (encoded by ATF3, IL4Rα, and NMB, respectively) among different neuron types (pyramidal, VEN, fork, enveloping, and other multipolar), and they found that VENs showed the greatest percentage of immunostaining and a higher proportion of VENs in humans were immunoreactive than in apes. Using mRNA ISH, Cobos and Seeley (2015) characterized the expression patterns of six transcription factors in human ACC and FI, and they found that VENs prominently express FEZF2 and CTIP2 that are involved in regulating the fate and differentiation of subcerebral projection neurons. Recently, by leveraging the Allen Brain Atlas to evaluate mRNA expression of 176 neurotransmitter-related genes, Dijkstra et al. (2018) identified additional three genes (VMAT2, GABRQ, and ADRA1A) as mRNA markers for VENs and fork cells, and they proposed that VENs and fork cells might have a novel, uncharacterized mode of cortical monoaminergic function. These studies provided valuable information for understanding the molecular identity of VENs though they only uncovered "the tip of the iceberg". A candidate-independent approach is required to fully depict the molecular profile of VENs.
Combining laser-capture-microdissection (LCM) with RNA sequencing, we isolated VENs from human ACC and analyzed their transcriptomic profiles. In comparison to layer 3 and layer 5, pyramidal neurons in ACC, we identified 344 genes showing VENassociated expression differences, including 215 higher and 129 lower expression genes. Using ISH and IHC assays, we validated four new VEN marker genes with predominant expression in VENs. These data provide a full-spectrum molecular profile of VENs.
Materials and Methods

Postmortem Brain Sample Collection
For LCM RNA sequencing, postmortem brain tissue samples of ten adult males (Han Chinese) were obtained from the Chinese Brain Bank Center (CBBC, http://cbbc.scuec.edu.cn). The ten male donors aged 23-63 years, and the brain samples were collected within 24-72 h after death. The exact PMIs (postmortem intervals) for these samples were not available. We also obtained four additional ACC samples for ISH and IHC analyses, including three adult males and a 1-year-old male ( Supplementary Table S1 ). Female subjects were not included due to sample availability. To avoid the complication of diseasing-causing changes, samples with neurodegenerative changes were excluded according to the pathological evaluation records of CBBC ( Supplementary Table S1 ). The brain samples were flash-frozen by liquid nitrogen and stored in −80°C freezers before use. According to the protocol of CBBC, written informed consent for brain autopsy and use of the specimen for research was obtained from either the donors or their relatives. Each ACC sample is a tissue block of about 2 cm 3 , containing area 24b and area 32.
Morphological Identification of Neurons with Nissl Staining
ACC sections of 10-μm thick were prepared using a sliding microtome. The section slides were first placed into microslide box on dry ice, and then stored at −80°C until use. For Nissl staining, the section slides were placed on a blotting paper for 30 s, and then transferred into the 95% EtOH jar for 30 s. After 30 s in the second jar containing 75% EtOH, and 30 s in the third jar containing 50% EtOH, the slides were placed on a blotting paper. We added 400-μl Nissl stain and 10-μl RNase inhibitor mixture onto the slide, and incubated it at room temperature for 40 s. We then proceeded through the dehydration series (50%, 75%, and 95% EtOH) till the two rounds of 100% EtOH, and left the slides in the final xylene jar for 5 min. After air-drying in the fume hood for 5 min, we immediately proceeded with LCM.
Laser-Capture-Microdissection and RNA Sequencing
The section slides and 0.2-ml thin-wall tubes were loaded onto the LCM apparatus (Leica CTR6500). We adjusted the brightness and focus at 5× magnification in order to distinguish layer 5 and layer 3 of the cortex. Then we set the optimal laser thickness and power parameters at 40× magnification. Once the laser spot has been adjusted, we identified VENs and pyramidal neurons for capture. Two measures were taken during LCM:
(1) In order to keep integrity of RNA, capture period should not exceed 1 h; (2) To avoid mis-characterization of cell types, we only capture cells with typical shape. The length of VEN soma should be over 70 μm, and there are no other cells overlapping with it. VENs are mainly located in area 24a and area 24b, and they are more abundant in area 24b than in area 24a . For each tissue specimen, we captured 50 cells for each cell type, including layer 5 VENs from area 24b, layer 5 pyramidal neurons from area 24b, layer 5 pyramidal neurons from area 32 and layer 3 pyramidal neurons from area 24b. Each 50cell capture resulted in approximately 30 pg RNA. We prepared three slides of each tissue sample for cell capture. We added 10 μl freshly prepared cell lysis buffer into the tube containing the 50 captured cells. After a fast centrifuge, the tube was incubated at 70°C for 2 min, and then transferred on ice immediately. We took 4.5 ul cell lysis for synthesis and amplification of cDNA using previously published protocol with minor modifications (Tang et al. 2010) . A total of 40 samples were prepared (4 cell types from each of the 10 brain specimens).
For each sample, 1.5 μg cDNA was used for library construction and next generation sequencing. Library preparation was performed following Illumina's manufacture instructions. Libraries were sequenced on the Illumina Hiseq 2000 platform (BGI, Shenzhen, China). We generated~5 G data for each 50 cells capture of four cell types from the 10 male individuals. Low quality reads were removed, and ployA and adapter sequences were cut before mapping. The raw RNAseq data (FASTQ) was deposited in the Genome Sequence Archive (GSA) database (Project ID: PRJCA000919).
Reads Mapping and Expression Data Adjustment Using AC-PCA
The filtered reads were mapped to the human reference genome (GRCh38) using Bowtie (version 2.3.1) and Tophtat (version 2.1.1) (Trapnell et al. 2009; Kim et al. 2013 ) with default parameters. We filtered the data using a criterion of >50% mapping rate, resulting in valid data from 39 samples. One dropout of low mapping rate (33%) (sample ID: 201558X) was removed from further analysis. Cufflinks was employed to assemble the transcripts and to output gtf files, which were then merged with cuffmerge (Trapnell et al. 2010) . The FPKM data matrix was acquired using cuffdiff (Trapnell et al. 2010) .
The FPKM data matrix obtained above was filtered using the criterion of at least three samples with FPKM > 1, which led to the identification of 14 745 expressed genes. To remove potential confounding factors either biologically or technically originated, we utilized the AC-PCA method for data adjustment so that the shared variation among samples of the same cell type can be captured (Lin et al. 2016 ).
Identification of Differentially Expressed Genes
The AC-PCA adjusted expression matrix was taken as input to perform differential expression analysis with limma (Smyth 2004 ). A linear model was fitted for the adjusted expression matrix. To make pair-wise comparison among the cell types (VENs, the layer 5 pyramidal neurons and the layer 3 pyramidal neurons), the contrast matrix was created to expend the linear model fit and then to compute empirical Bayes statistics. The matrix of pair-wise differentially expressed genes (DEGs) were extracted. Two criteria for DEG identification were applied:
(1) the pair-wise fold change is larger than 2 (|log 2 FC| > 1); (2) the adjusted P value is smaller than 0.05 after multiple test correction using the Benjamini and Hochberg method. To see the VEN-associated expression difference, we overlapped the two DEG matrix (VEN vs. layer 5 pyramidal neurons and VEN versus layer 3 pyramidal neurons). After removing 10 genes showing opposite direction of expression changes, we obtained a total of 344 VEN-associated DEGs (216 higher and 128 lower expression genes). Similarly, the pyramidal-neuron-associated DEGs were also identified. GraphPad Prism5 was recruited to conduct scatter plot analysis for differentially expressed genes FPKM matrix. MGI (Mouse Genome Informatics) (Smith et al. 2018 ) was used to search mouse knockout phenotypes for the VEN-associated DEGs.
RNA In situ Hybridization
For ISH using the fresh-frozen ACC samples, we used the commercial kit (RNAscope ® 2.5 HD Detection Reagents-BROWN, #322 310). For each gene,~20 target-specific double Z probes were designed. We employed the ISH protocol provided by the manufacture (Advanced Cell Diagnos tics, Inc., California, USA). Tissue sections (15 μm thick) were obtained using cryostat at −20°C, and stored at −80°C before use. Briefly, the cryostat sections were air-dried at room temperature for 20 min and fixed by 4% pre-chilled (at 4°C) paraformaldehyde (PFA) in phosphatebuffered saline solution (0.1 M, pH 7.4) for 60 min. The sections were dehydrated through 50%, 70% and 100% EtOH (5 min for each concentration and twice for 100% EtOH) and air-dried for 5 min. The sections were digested using RNAscope Protease IV for 30 min at room temperature and washed twice with 1× PBS. Hybridization was performed using the HybEZ Humidity Control Tray at 40°C for 2 h. To amplify the signals, the sections were subject to further hybridization to a cascade of signal amplification molecules, culminating in binding of horseradish peroxidase (HRP)-labeled probes. A chromogenic substrate (DAB) was used to detect the target RNA. After dehydration using EtOH (2 min for 70% and 95% respectively) and xylene (5 min), the sections were mounted. Each single RNA transcript appears as a distinct dot of chromogen precipitate visible using a common bright field microscope at 5-40× magnification.
To quantify the ISH results, using the ImageJ tool (version_1.8.0; https://imagej.nih.gov/ij/index.html), we calculated and compared the signal intensities among VENs, L5Ps and L3Ps. Three adult male brain samples were analyzed ( Supplementary Table S1 ). Global calibration and background subtraction were performed before assessing the signal intensity (gray value). For each cell type of a sample, we analyzed more than 50 cells from at least five randomly selected microscope fields (under 5× magnification).
IHC and IF Analyses
The ACC frozen blocks were cut into 25 μm serial sections at −20°C with cryostat. The sections were separated in five sets of six serial sections. The first four sets were used for IHC, and the last set was Nissl-stained for counting the proportion of cells with positive immunoreactivity. Sections were air-dried over night to ensure complete desiccation.
For IHC, sections were soaked in 0.01 M PBS at pH 7.2 for 5 min and fixed in 4% paraformaldehyde at room temperature for 30 min, and washed 3 × 5 min in 0.01 M PBS. Sections were soaked for 20 min in 0.01 M PBS containing 0.6% H 2 O 2 and 80% methanol at room temperature, washed 3 × 5 min in 0.01 M PBS, and then incubated for 20 min at room temperature (RT) in 0.01 M PBS containing 0.5% TritonX-100, and incubated for 30 min in 3% BSA (CAS # 9048-46-8, Amresco). The primary antibodies are mouse monoclonal or rabbit polyclonal antibodies against VAT1L (1:25; orb1026, Biorbyt), LYPD1 (1:25; ab157516, Abcam), SULF2 (1:25; GTX38989, GeneTex), and CHST8 (1:25; HPA016004, Atlas Antibodies). The validation data (western blotting) of these antibodies can be found at the manufacturers' webpages (https://www.abcam.com; https://www.genetex.com; https://atlasantibodies.com). Sections were incubated with primary antibodies in PBT-Az for 60 h at RT. After 3 × 5 min washing, sections were incubated with biotinylated secondary antibody in PBT-Az (Biotinylated Goat Anti-Polyvalent 1:50, ab64264, Abcam) for 2 h at RT, washed 3 × 5 min in 0.01 M PBS and then incubated with Streptavidin Peroxidase (1:100, ab64264, Abcam) in PBT-Az for 2 h at RT. After 3 × 5 min washing, immunostaining was visualized with DAB kit (DAB-1031, MXB Biotechnologies). Finally, sections were counterstained with hematoxylin (BF06064M, Beijing Biodragon Immunotechnologies), dehydrated and coverslipped. Negative controls for testing the specificity of the secondary antibodies were included by omitting the primary antibody, and no immunoreactivity was detected in the negative controls. IHC images were acquired using Leica CTR6500 at 10-40× magnification. To calculate the ratio of cells with positive immuoreactivity, we analyzed three ACC samples, including two adult males and a 1-year-old male ( Supplementary  Table S1 ). For each sample, we calculated the percentage of cells with positive immuoreactivity from three sections that contained at least 50 VENs.
For immunofluorescence (IF), six 16-μm thick frozen ACC sections were fixed in 4% paraformaldehyde at RT for 30 min, washed 3 × 5 min in 0.01 M PBS, and then incubated for 20 min in 0.01 M PBS containing 0.3% TritonX-100 at RT. Sections were incubated for 30 min in 3% BSA. Three sections were incubated with primary antibodies (VAT1L: 1:50, ab68926; LYPD1:1:50, ab157516, Abcam; MAP2:1:1000, AB5543, Millipore), and the other sections were incubated in primary antibodies (SULF2:1:50, GTX38989, GeneTex; CHST8:1:50, HPA016004, Atlas Antibodies; MAP2:1:1000, AB5543, Millipore) in PBT-Az for 36 h at RT. Sections were washed 3 × 5 min in 0.01 M PBS and incubated for 2 h in secondary antibodies in PBT-Az. The secondary antibodies are: Alexa Fluor 647 Donkey anti-Rabbit IgG (1:200, Catalog # A-31 573, Thermo Fisher Scientific), Alexa Fluor 568 Donkey anti-Mouse IgG (1:200, Catalog # A-10 037, Thermo Fisher Scientific), and Alexa Fluor 488 Goat anti-Chicken IgY (1:500, Catalog # A-11 039, Thermo Fisher Scientific). Sections were washed 3 × 5 min in 0.01 M PBS and incubated in DAPI diluent (2 μg/ml, D8417-1MG, Sigma-Aldrich) for 5 min. Sections were rinsed and coverslipped. The IF images were acquired using Nikon Confocal laser scanning microscopy (A1MP+).
Supervised Clustering, Enriched Gene Ontology and Network Analyses
We first extracted the FPKM values of those DEGs. To find VENhigher DEGs with large expression difference, we chose those genes with logFC > 1.5 and then performed hierarchical clustering using pheatmap (https://cran.r-project.org/web/ packages/pheatmap). Enriched gene ontology (GO) terms (qvalue < 0.05) for VEN-associated DEGs were calculated using Consensus PathDB (Herwig et al. 2016) .
For network analysis, we used String (Szklarczyk et al. 2015) to construct protein-protein interaction network so that the relationship among VEN-specific DEGs can be evaluated.
Results
Isolation of VENs from ACC and RNA Sequencing
The morphology of VENs and pyramidal neurons were identified by Nissl staining (Fig. 1A) . The sampled ACC tissue blocks contain both Brodmann's area 24b and Brodmann's area 32, and we collected VENs from layer 5 of area 24b by LCM ( Fig. 1B) . We also collected three reference cell types, including the neighboring pyramidal neurons from layer 5 of area 24b, the pyramidal neurons from layer 5 of area 32, and the pyramidal neurons from layer 3 of area 24b (abbreviated as L3Ps). A total of 10 adult males were subject to LCM capture ( Supplementary  Table S1 ). Consequently, 40 LCM captures (4 cell types from 10 individuals) were generated. After amplification (see Methods for details), we obtained more than 1.5 μg cDNA for each LCM capture, and the cDNA fragments ranging from 500 bp to 5 000 bp were collected by gel electrophoresis (Fig. 1C ). For RNAsequencing (BGI, Shenzhen, China), we first performed a technical replication, and the result turned out to be highly consistent (R 2 = 0.989) ( Fig. 1D ). For each LCM capture, we acquired >5 G RNAseq data with >50 million reads ( Supplementary Table S2 ).
Comparison of Transcriptional Profiles Between VENs and Pyramidal Neurons
We filtered the data using a criterion of >50% mapping rate and one layer 3 pyramidal neuron sample with low mapping rate was removed from further analysis (sample ID: 201 558X, mapping rate = 33.0%) ( Supplementary Table S2 ). We used a relatively conserved cutoff to determine genes expressed in VENs and pyramidal neurons, i.e., at least three samples with FPKM > 1. This led to the identification of 14 745 expressed genes. According to the AC-PCA plot (see Methods for details), VENs were clearly separated from the pyramidal neurons from layer 3 and layer 5 ( Fig. 2A) . The layer 5 pyramidal neurons from area 24b and area 32 were tightly clustered ( Fig. 2A ), suggesting that they have highly similar transcriptomic profiles and therefore merged as one cell type (abbreviated as L5Ps) for further analysis. Of note, VGLUT1 is highly expressed in VENs and pyramidal neurons (average FPKM > 500; Supplementary Figure 1A) , confirming the glutamatergic nature of VENs, as suggested in the previous report (Evrard et al. 2012) .
We next performed pair-wise comparisons among VENs, L5Ps, and L3Ps, and a total of 3 629 differentially expressed genes (DEGs) were identified, including 645 DEGs between VENs and L5Ps, 1 803 DEGs between VENs and L3Ps, and 1 181 DEGs between L3Ps and L5Ps (Fig. 2B) . Clearly, VENs and L5Ps are closely related in view of the number of DEGs between them, consistent with the speculation that VENs are likely derived from layer 5 pyramidal neurons ).
Identification of VEN-Associated Expression Differences
Using both L5Ps and L3Ps as the reference cell types, we found 354 VEN-associated DEGs (VA-DEGs) either higher expressed or lower expressed in VENs. Notably, 344 out of the 354 VA-DEGs showed the same direction of expression changes when compared VENs with L5Ps and L3Ps respectively, and only 10 genes showed an opposite direction, suggesting that a great majority of the identified VA-DEGs have characteristic expression in VENs ( Supplementary Table S3 ). Among the 344 VA-DEGs with consistent expression patterns in VENs, there were 215 higher expression and 129 lower expression genes. For the 215 higher expression VA-DEGs, the fold changes were highly correlated between VEN-L5P and VEN-L3P comparisons (R 2 = 0.41, P < 0.0001), contrasting the much lower correlation for the 128 lower expression VA-DEGs (R 2 = 0.04, P = 0.021) (Supplementary Figure S2) , implying that these higher expression VA-DEGs are likely the key genes defining the molecular profile of VENs as they showed relatively consistent between-cell-type expression divergence. With the same approach, we also identified 125 L5P-associated and 640 L3P-associated DEGs, respectively ( Supplementary Tables S4 and Supplementary Table S5 ).
Previous studies using candidate-based approaches have reported 11 genes showing either VEN-positive or VENenriched expression (Allman et al. 2005; Stimpson et al. 2011; Cobos and Seeley 2015; Dijkstra et al. 2018) . We therefore checked the status of these genes in our RNAseq data. Notably, FEZF2 and CTIP2 showed VEN-predominant expression, significantly higher than the expression in L5Ps and L3Ps, consistent with the previous report (Cobos and Seeley 2015) ( Supplementary  Figure S1B-C) . Similarly, among the three recently reported VEN marker genes (VMAT2, GABRQ, and ADRA1A) (Dijkstra et al. 2018) , GABRQ showed a significant VEN-higher expression. However, the expression of VMAT2 and ADRA1A were low (average FPKM < 0.5) and no difference was seen between VENs and L5Ps/L3Ps ( Supplementary Figure S1D-F) . Interestingly, we detected VENenriched expression of two other genes (VAT1 and ADRA1D) from the same gene family containing VMAT2 and ADRA1A (Supplementary Figure S1G-H ). For the other reported genes, the expression of ATF3, IL4Rα and NMB (Stimpson et al. 2011) were low, and VENs showed relatively higher expression than L5Ps/ L3Ps for IL4Rα and NMB though statistically not significant (Supplementary Figure S1I-K) , but the expression of AVPR1A, DRD3, and HTR2B (Allman et al. 2005) were quite low (average FPKM < 0.2), and no between-cell-type difference was detected ( Supplementary Figure 1L-N) . Collectively, the RNAseq data confirmed the VEN-enriched expression of five previously reported genes, among which FEZF2 and GABRQ were included in the 215 higher expression VA-DEGs, suggesting that the transcriptomic data generated is informative to reveal the molecular profile of VEN and to identify new VEN marker genes.
Gene Ontology and Protein-Protein Interaction Network Analyses
To understand functional enrichment of the 344 VA-DEGs, we conducted GO analysis. For the 129 lower expression VA-DEGs, there were eight significantly enriched GO terms (adjusted P < 0.05), mostly related with cell body and dendrite morphology such as perikaryon, somatodendritic compartment and presynapse ( Fig. 2C and Supplementary Table S6 ). For the 215 higher expression VA-DEGs, there were 24 significantly enriched GO terms (adjusted P < 0.05), with the top four terms associated with myelination and the other terms involved in varied neural processes such as intermediate filament organization, response to metal ions and catabolic process ( Fig. 2D and Supplementary  Table S7 ). In general, these enriched functional categories reflected the known morphological characters of VENs. For example, there were 11 lower expression VA-DEGs that were enriched for somatodendritic compartment ( Supplementary Table S6 ), which might contribute to the large spindle-shaped perikarya and thick basal dendrites of VENs. The enriched GO terms of myelination contained nine higher expression VA-DEGs ( Supplementary  Table S7 ), and the presumably enhanced myelination for VENs indicated their need of long-range projection and impulse propagation (Craig 2009; Allman et al. 2010; Evrard et al. 2012) . We also analyzed GO enrichment for the 90 L5P-associated and 284 L3Passociated higher expression genes, which showed different functional categories. The enriched GO terms are mostly associated with lipid biosynthesis for L5Ps and with synapse for L3Ps ( Supplementary Figure S3) .
We next performed protein-protein interaction (PPI) network analysis using String (Szklarczyk et al. 2015) . We identified a large PPI network involving 53 proteins, as well as two separate paired PPIs (Fig. 2E) . The large PPI network containing 12 higher and five lower expression VA-DEGs were divided into five clusters based on the network structure and gene functions ( Fig. 2E ). Cluster-1, 2 and 3 included four VEN higher expression genes (NPY, IGFBP2, MEF2C, and VAT1L), which were closely related with social-emotional-autonomic functions such as anxiety, stress, arousal and circadian rhythm (Kuo et al. 2007; Haberland et al. 2009; Fernandez and Torres-Aleman 2012; Zhao et al. 2015; Singh et al. 2017; Longo et al. 2018) . In Cluster-4, there were four VEN lower expression genes (HPCA, HPCAL1, NUBP2, and RALGDS) that interact with the hub genes RHOA and CDK5. RHOA can cause reduction of dendritic complexity while CDK5 modulates actin cytoskeletal dynamics, which may regulate VEN somatodendritic morphogenesis (Lee et al. 2000; Fu et al. 2007 ). Cluster-5 contained two higher expression VA-DEGs (MBP and PLP1) that were involved in myelination (Popko et al. 1987 Raasakka et al. 2017) . Additionally, the previously identified VEN marker gene FEZF2 (Cobos and Seeley 2015) had a separate PPI with CSN1S1, a newly identified higher expression VA-DEG in this study ( Fig. 2E) . Taken together, the PPI network provided useful information in dissecting the roles of these VA-DEGs in shaping up VEN morphology and functions.
ISH, IHC and IF Analyses of Novel VEN Markers
The cell-type-associated higher expression genes may serve as cell markers. There are 215 higher expression genes in VENs, contrasting 90 in L5Ps and 284 in L3Ps ( Supplementary Tables  S4 and S5 ). The expression heatmap of the cell-type-specific higher expression genes is shown in Fig. 3A . We listed the top 20 higher expression VA-DEGs in Table 1 , including 16 proteincoding genes, two RNA genes and two pseudogenes. These genes showed the largest VEN-associated higher expression (average log 2 FC > 2), and therefore could serve as candidates of VEN markers. Among the 16 protein-coding genes, besides the previously reported FEZF2 (Cobos and Seeley 2015) , the other 15 genes are new candidates. We therefore checked the known functions of these genes (DisGeNET, http://www.disgenet.org/ web/DisGeNET/menu/home), and we found that nine genes were associated with human mental disorders, such as ASD, SCZ, AD, and depression, consistent with the reported VEN abnormalities in social-emotional diseases. More importantly, in the mouse gene-knockout models (Mouse Genome Informatics, http://www.informatics.jax.org), 10 genes showed abnormal behavioral or neural defects (Table 1) . Based on the fold changes and their known functions, we selected four candidate VEN marker genes for further validation analyses, including VAT1L (Vesicle amine transport 1 like), CHST8 (Carbohydrate sulfotransferase 8), LYPD1 (LY6/PLAUR domain containing 1), and SULF2 (Sulfatase 2) (highlighted in Table 1 ). The VEN-predominant expression of these four genes are shown in Figure 3B -E. To validate the expression pattern of the four selected candidates, we first performed mRNA ISH by testing three additional adult male samples ( Supplementary Table S1 ). As expected, all four genes showed positive ISH signals in VENs (Fig. 4) , among which three genes (CHST8, VAT1L, and LYPD1) were predominantly expressed in VENs and much less in neighboring L5Ps (Figs 4A-C, 4A′-C′). The expression of SULF2 was also high in VENs, and less strong in neighboring L5Ps (Fig. 4D, D′) . Using the ImageJ tool (version_1.8.0; https://imagej. nih.gov/ij/index.html), we quantified the ISH signal intensity of each cell type. Consistently, we detected 1.45-4.81 times higher expression for the four genes in VENs compared to L5Ps and L3Ps (Fig. 4E-H) .
Using IHC and IF, we tested the expression of these four genes at protein level in two adult male samples ( Supplementary Table S1 ). The IF images showed that all four genes were predominantly expressed in VENs with three of them (LYPD1, SULF2, and CHST8) showing strong nuclear signals ( Fig. 5A-P) . Consistently, the IHC images showed the same expression pattern of VEN-enriched expression ( Fig. 5Q-T) and the immunoreactivity signals were mainly located within the cell body, and not seen in the nucleus. In contrast, the signals in neighboring pyramidal neurons were either weak or absent (Fig. 5M-T) . We also performed IHC in a 1-year-old male, and the pattern was the same though the overall signal intensity was relatively weak (Supplementary Figure S4) . Quantification analysis using the IHC data showed consistent patterns. VENs had about 60-95% positive stain for the four genes, 3.8-7.3 times higher than those in L5Ps and L3Ps (Fig. 5U-X) . Taken together, the results of ISH and IHC assays further confirmed the high expression VA-DEGs identified in the RNAseq data, and the top genes may serve as new VEN markers and help understanding VEN functions.
Discussion
VENs are present in humans, apes, and macaques, as well as several other mammalian lineages, representing parallel evolutionary innovations in the central nervous system. In primates, since humans have far more abundant VENs than apes and macaques, it is likely that during the origin of our own species, VENs might have undergone human-specific functional specialization, contributing to our higher cognitive abilities . To probe into the functions of human VENs, using LCM RNA-seq, we generated by far the most complete molecular profile of human VENs from ACC. In total, we identified 344 genes with VEN-associated expression differences, and 215 of them showed VEN-increased expression, contrasting the previously reported 11 genes with VEN-positive or VEN-enriched expression (Allman et al. 2005; Stimpson et al. 2011; Cobos and Seeley 2015; Dijkstra et al. 2018) . Using ISH, IHC, and IF, we further validated four novel VEN markers, including VAT1L, CHST8, LYPD1, and SULF2. Hence, these identified VEN-associated expression difference genes and their expression patterns are highly informative to defining the molecular identity of VENs and dissecting functions of these evolutionarily specialized projection neurons.
The GO enrichment analyses indicated that among the 129 VEN-lower expression genes, many of them are involved in modulating VEN morphology (Fig. 2C) . This is likely processed through lower expression genes associated with perikarya and dendrites. In particular, four lower expression genes (HPCA, HPCAL1, RALGDS, and NUBP2) had direct interactions with RHOA, an important regulator of dendritic morphogenesis. It was shown that in Drosophila, neurons lacking RhoA overextended their dendrites while activated RhoA expression caused a reduction of dendritic complexity (Lee et al. 2000) . The single large basal dendrite of VEN might have resulted from a transformation of the genetic programs during evolution for pyramidal neuron development to modify the basal dendrite in order to concentrate its growth in the primary component and suppress the secondary and tertiary branching . Consistently, HPCA was reported as a possible partner of MLK2/3 which interacts with small GTPase Rac and Cdc42 to regulate cellular cytoskeleton dynamics (Tibbles and Woodgett 1999) , and HPCAL1 was implicated in clathrin-dependent membrane trafficking processes (Braunewell and Klein-Szanto 2009) . It is possible that these VEN lower expression genes may interact with RHOA in a way to incease its expression, resulting in a reduction of dendritic complexity. As expected, VENs showed a relatively higher RHOA expression compared to L5Ps and L3Ps though statistically not significant (P > 0.05, two-tailed t test; the average FPKMs are 83.8 ± 107.3 for VENs, 51.2 ± 76.2 for L5Ps, and 36.8 ± 29.9 for L3Ps). Taken together, the identified VEN lower expression genes are possibly involved in suppressing VEN dendrite branching and conduction of nerve signals.
By contrast, the VEN-higher expression genes likely define VEN functions as many of them are related with social-emotionalautonomic functions. For example, NPY (Neuropeptide Y) is among the top-20 VEN-higher expression genes (Table 1) . By interacting with its receptors (NPY1R, NPY2R, and PPYR1; Fig. 2E ), NPY can influence food intake, anxiety, stress, pain perception, and circadian rhythm, consistent with the known functions of ACC, the brain area with rich VEN distribution (Kuo et al. 2007; Loktev and Jackson 2013; Sohn et al. 2013; Singh et al. 2017; Longo et al. 2018 ). In addition, NPY can regulate sleep by modulating noradrenergic signaling. Interestingly, the noradrenaline receptor ADRA1D is also VEN-higher expressed ( Supplementary Figure S1H) , implying that it may work together with NPY to regulate the related functions. Furthermore, the increased expression of IGFBP2 (Insulin-like growth factor-binding protein 2) in the VENs is intriguing because this gene was identified in the IGF signaling which modulates hippocampal neurogenesis, synapse formation, neuritogenesis, axon guidance, brain reward system, arousal, spatial memory, and associative activity (Hodge et al. 2004; Aberg et al. 2006; Babri et al. 2007; Ciucci et al. 2007; Chiu et al. 2008) .
Strikingly, an inter-chromosomal interaction was reported between the IGF2/H19 locus and the VAT1L locus, and the recruitment of IGF2/H19 and VAT1L loci to lamina was regulated to promote circadian oscillations in transcription (Zhao et al. 2015) . Importantly, VAT1L was listed as the top one VENhigher expression gene (Table 1) , and it can react with chromatin remodeling transcription factors (such as MEF2A, MYOD1, and MEF2C) and histone deacetylases (HDAC4, HDAC5, and HDAC7) which are recruited to chromatin hubs to regulate chromatin 3D dynamics and transcription ( Fig. 2E) (Haberland et al. 2009; Pliner et al. 2017) .
We also detected a few VEN-higher expression genes that may contribute to VEN morphology. For example, MEF2C can promote excitatory synapse elimination in hippocampal pyramidal neurons (Harrington et al. 2016) , and MEF2C loss of function led to an increase in dendritic spine density (Barbosa et al. 2008) . Hence, MEF2C high expression is expected to reduce the density of dendritic spines of VENs. Another example is CPLX1, which regulates spontaneous neurotransmitter release and synaptic growth (Kümmel et al. 2012) .
VENs are projection neurons and they bear large, rapidly conducting axons (Allman et al. 2002) . Accordingly, we saw many myelination-related genes (such as MBP and PLP1) showing VEN-increased expression ( Fig. 2D and Supplementary  Table S7 ). It is known that a myelin sheath is to increase the speed at which impulses propagate along the myelinated fiber through preventing the electric current from leaving the axon. VENs' axonal connections extend through the underlying white mater to other parts of the brain , and they may have diverse cortical and subcerebral targets (Cobos and Seeley 2015) that require long-distance communications. Therefore, an enhanced myelination is necessary for VENs to perform this function (Hartline 2008) . Consistently, we detected VEN-increased expression of NEFH (neurofilament protein, heavy polypeptide) ( Supplementary Table S3 ), previously found to be expressed in the VENs of ACC using ISH (Dijkstra et al. 2018) .
NEFH is strongly and positively related to axon caliber, a key determinant of conduction velocity in nerve cells (Walker et al. 2001) . Hence, the VEN-increased expression of NEFH is consistent with the proposal that VENs have large and rapidly conducting axons supporting quick social decision-making (Allman et al. 2005) .
There is a possibility that the VEN-increased expression of myelination-related genes (such as MBP and PLP1) might be caused by oligodendrocyte cell body contamination in the microdissections since oligodendrocytes produce myelin, rather than neurons. To evaluate this situation, we checked the expression status of ten known oligodendrocyte-high-expression genes, including five oligodendrocyte marker genes (OLIG2, MOBP, MAG, MOG, and SOX10) and five myelination-related genes (ERMN, MYT1, MYRF, CNTN2, and PDGFRA) (Li et al. 2018) . Overall, these genes had relatively low expression in all tested neuron types (average FPKM <20), suggesting that the suspected contamination was unlikely (Supplementary Figure S5) . Also, besides of oligodendrocytes, neurons also express MBP and PLP1 (Sarret et al. 2010; Lutz et al. 2014) Additionally, the VEN-higher expression genes may also contribute to VEN specification during development. In our RNAseq data, both FEZF2 and CTIP2 showed VEN-higher expression (Table 1 and Supplementary Figure S1 ), confirming the previous findings (Cobos and Seeley 2015) . It was reported that FEZF2 is necessary and sufficient for the differentiation of layer 5 neurons that project subcortically to the striatum, superior colliculus, basal pons, and spinal cord, and the other known VEN marker gene CTIP2 is a major downstream effector of FEZF2 Rouaux and Arlotta 2013; Cobos and Seeley 2015) .
Among the top 20 VEN-higher expression genes, about half of them have known association with human social-emotional disorders, such as ASD, SCZ, AD, and depression, and this Table S1 ). The statistical significance levels are labeled as **(P < 0.01) and ***(P < 0.001) (two-tailed t test). Table S1 ). The black and gray bars are the two adult males, and the red bar is the 1-year-old male. The statistical significance level is labeled as ****(P < 0.0001) (two-tailed t test). observation was further reinforced by the phenotypic outcomes of gene-knockout mice showing abnormal behavioral or neural defects (Table 1) . This information is useful in understanding VENs' role in human social-emotional disorders. Technically, LCM allows a clear separation of individual VENs under microscope so that the entire transcriptome (instead of limited number of candidate genes) of VENs can be analyzed. Compared to the currently fast-advancing single-cell-sequencing (SCS) techniques (Woodworth et al. 2017) , LCM-RNAseq is a costeffective method in studying molecular profiles of restrictively distributed neuronal types in the brain. For example, even in human ACC and FI, VENs only account for about 1-2% of the total neurons, and if using SCS, an enormously large number of single neurons from ACC need to be analyzed in order to capture enough VENs. Also, LCM uses frozen tissues while SCS usually require fresh tissues that are rather difficult to obtain for humans. Although recent advances in SCS allowed dissecting transcriptome of cell nucleus using frozen tissues, the genes analyzed were still limited (around 1 000-2 000 genes per nucleus) (Lake et al. 2017) . By contrast, with LCM-RNAseq, we could quantify the expression of a great proportion of genes in the genome. Among the four cell types from 10 brain samples, we quantified expression of 14 745 genes using a relatively conserved cutoff. Finally, the topographic positions of the LCM-isolated cells are known while this information cannot be directly obtained for SCS.
It should be noted that the LCM-RNAseq method also has limitations. The microdissected cells are in fact cell parts, not the entire cells, and there were PCR-based cDNA amplifications before RNA-seq. Consequently, these factors may increase expression variation so that a few previously identified VEN markers (e.g., VMAT2) (Dijkstra et al. 2018 ) using ISH and IHC showed low expression levels in our RNAseq data. To cope with this drawback, a large number of biological replicates combined with multiple techniques would be ideal.
